I. INTRODUCTION
Interest in the physical properties and potential applications of suspensions of colloidal magnetizable particles (1) (2) (3) (4) (5) has brought about a great research effort in the synthesis and characterization of such kinds of particles. Magnetic interactions are so strong in their suspensions that virtually all the properties of the latter are dominated by such interactions, and it may be difficult, if not impossible, to obtain a stable dispersion: particle-particle aggregation is so frequent that one of the applications that first reached the market was water purification (6, 7) through magnetic aggregation of magnetic particles loaded with contaminants. In other applications, it is desirable to start from particles of controlled size or shape (8) , as in the case of magnetic recording systems (9, 10) .
The present work deals with the use of magnetic particles from a different point of view: they are employed as the core of composite particles including a shell of a different material.
The resulting colloidal units will thus reflect both the magnetic behavior of the inner magnetic particle and the surface properties of the shell. The idea has already been applied to the production of mixed systems in which the outer shell is of a polymeric nature (biodegradable, if drug delivery applications are in mind, see Refs. 11, 12) .
However, little attention has been paid, to our knowledge, to the investigation of the modifications experienced by the magnetic properties of the whole particles when the thickness or the nature of the shell is changed. This is the main aim of this work, in which spherical hematite (α-Fe 2 O 3 ) particles are covered by a shell of Y 2 O 3 . In previous works (13, 14) , it was found that the surface properties (electrical, thermodynamic, chemical) were essentially controlled by the shell. It was expected that, in contrast, the magnetism of these composite units would be controlled by the core: the particles with mixed composition would thus show interesting properties, behaving as Y 2 O 3 in all phenomena related to the particle surface, and as α-Fe 2 O 3 in their response to applied magnetic fields.
II. EXPERIMENTAL
Hematite (α-Fe 2 O 3 ) particles were obtained following the procedure of Matijević and Scheiner (15) : solutions containing 0.018 M FeCl 3 · 7H 2 O (Merck, Germany) and 0.001 M HCl (Panreac, Spain) were heated at 100
• C for 24 h. The resulting suspensions were cleaned of unreacted material by repeated cycles of centrifugation and redispersion in Milli-Q (Millipore, France) water. TEM pictures showed that the particles were rather spherical and monodisperse, with average diameter 60 ± 7 nm (13).
The clean particles were covered by the yttrium oxide shell following the indications of Aiken and Matijević (16) : in the first stage, an yttrium basic carbonate shell was produced by heating for 9 h at 90
• C a suspension containing 1.8 M urea (Panreac, Spain), 105 mg/l hematite, and yttrium nitrate (Merck, Germany). Different shell thicknesses were obtained by using Y(NO 3 ) 3 concentrations of 1.1, 3, and 4.9 mM. After the solids were cleaned and dried, they were calcined at 800
• C for 3 h; three hematite/Y 2 O 3 composite systems were thus obtained. They will be identified as samples A ([Y(NO 3 ) 3 ] = 1 mM), B (3 mM), and C (4.9 mM). Their average diameters, as deduced from transmission electron micrographs, were 130 ± 20, 150 ± 20, and 110 ± 10 nm, respectively. Yttrium oxide powder, supplied by Merck (Germany), was used in all experiments for comparison.
Data of magnetic susceptibility vs temperature, and magnetization vs magnetic field, were obtained with a Manics DSM-8 magnetometer (Germany), incorporating a Drusch electromagnet, capable of providing fields up to 1.9 T. Susceptibility was measured between 80 and 290 K for a constant field mainly of sample C as compared to A and B, are clearly visible. Particles A and B have the shape of an yttria sphere with hematite particles inside and on their surface; apparently, the amount of yttrium in the initial solution is not large enough to provide a homogeneous shell for each hematite particle, and thus aggregates of the latter appear to be embedded in large yttria units. In contrast, the formation of the shell in sample C was much more efficient; hematite particles (either individually or in small groups of two or three particles) are well surrounded by the Y 2 O 3 coating. This explains the size reduction of sample C as compared to A and B: the number of hematite units per composite particle is much lower in the former case.
X-ray diffraction data (Philips PW1710 powder diffractometer) shown in Fig. 2a (compare to the diffractogram of pure hematite, shown in Fig. 2b ) demonstrate that the crystal structures of the core particles are not modified in the coating process, and hence little or no diffusion of either yttrium or iron seems to occur at the interface. The characteristic peaks of α-Fe 2 O 3 , and of both cubic and hexagonal yttrium oxide, are found in all samples. Figure 3 shows the effect of temperature on the mass susceptibility, χ m , of the coated particles, together with those of the pure core and shell oxides, hematite and yttria, respectively. As observed, χ m is negative and temperature-independent for yttria particles, whereas both pure hematite and the composite powders display positive susceptibility, with significant variation with temperature. A noticeable feature of Fig. 3 is the 3-fold increase in χ m of hematite when a temperature of ≈220 K is reached. Furthermore, the temperature behaviors of the susceptibility below and above this critical temperature are also different, as shown in Fig. 4 , where χ −1 m is plotted vs T for the two temperature ranges. While 1/χ m decreases upon heating below 200 K, it increases linearly with temperature after the occurrence of the transition. Although different arguments were originally given to explain this behavior of iron oxide (17, 19) , it is now known that hematite (and, similarly, NiF 2 , MnCO 3 , among other compounds) undergoes a transition from perfect to imperfect antiferromagnetic, attaining a weak ferromagnetic character due to a canted arrangement of magnetic moments when heated above the Morin temperature T M (220 K for our colloidal sample; according to Michel (18) , the transition occurs at 250 K for bulky material, but it is also known that T M decreases   FIG. 3 . Mass susceptibility, χ m , of core/shell particles A, B, and C, and of hematite (core) and yttria (shell) particles, as a function of temperature. A detail of the behavior of sample C is shown in the inset.
B. Susceptibility of the Samples

FIG. 4.
Reciprocal mass susceptibility of hematite as a function of temperature for low (a) and high (b) temperatures. when particle size is reduced; see Ref. 19 ). The transformation involves a change in the orientation of Fe 3+ magnetic moments: they are perfectly antiparallel in the direction of the ternary axis of the trigonal unit cell below T M , and above T M they shift to a direction perpendicular to that crystallographic axis, but in such a way that neighbor magnetic moments are not perfectly antiparallel and give a nonzero magnetic moment in the direction of the ternary axis (18, 20) . It must be noted that measurements were performed on powdered solids obtained after drying the suspensions. It is thus likely that aggregates are formed upon drying, and this might lead to some doubts about the interpretation of the results, since it was impossible to characterize isolated particles or bulky material. The relationship between the susceptibility of a suspension and that of individual particles is strictly unknown, but, according to Bossis et al. (21) a mean field theory like Maxwell-Garnet's may be approximately valid. According to this model, the magnetic permeability of the suspension, µ, is related to those of the fluid, µ f , and the particle, µ p , by
where φ is the volume fraction and
Modeling the aggregate as a concentrated suspension in air, it can be easily found that µ is a monotonically increasing function of µ p , so that, at least qualitatively, the conclusions based on the behavior of our powdered samples are representative of the behavior of the particles. The pictures of Fig. 1 and the diffractograms of Fig. 2 suggest, as mentioned above, an increasing efficiency of the coating in the order A < B < C; in our previous investigation on the electrical and thermodynamic properties of the particle/aqueous solution interface (13, 14) , it was found that sample C showed a behavior most similar to that of yttrium oxide, whereas sample A was more similar to hematite, and type B particles behaved in a somewhat intermediate way. Our susceptibility data in Fig. 3 appear to confirm these results. The most interesting feature of this figure is, in our opinion, the gradual change in the χ m -T dependence of the samples when we go from hematite to Y 2 O 3 through samples A, B, and C. Thus, the increase in χ m of hematite around T M = 220 K can be observed in samples A and B, whereas sample C (see inset in Fig. 3) shows only a slight change in the overall χ m -T trend when that temperature is reached. Note also the clearly different behavior of yttrium oxide as compared to that of either hematite or the composite samples; the susceptibility of Y 2 O 3 is negative, much smaller in absolute value than that of α-Fe 2 O 3 , and essentially temperature independent.
C. Magnetization Curves
Let us now consider the magnetization curve of the samples. Figure 5 includes M-H data for hematite particles at room temperature (20 ± 1
• C): the weak ferromagnetic behavior of α-Fe 2 O 3 is manifested in the hysteresis cycle presented in this figure. The results are in good agreement with others previously published on hematite particles of different geometries (8, 22, 23) . The saturation magnetization, M s , obtained by extrapolating the linear M-H trend to zero field is ≈0.3 A m 2 /kg, similar to that reported by Haque et al. (8) . Figure 5 also shows that hematite has a very sharp change in M for low values of applied field, with a very thin hysteresis cycle. This has been reported as a characteristic of materials with canted antiferromagnetism (19, 23) .
The magnetization behavior of the composite particles is compared in Fig. 5 to that of pure hematite. The three types of core/shell particles show similarly shaped hysteresis cycles, but with decreasing hysteresis and saturation magnetization in the order A < B < C, that is, in the order of increased Y 2 O 3 coverage. In fact, only in the case of very thick shells (sample C) is an almost purely paramagnetic behavior reached. . Such an effect of coating on magnetization and coercivity does not seem to be justified by simple mass effects (i.e., by the fact that the amount of magnetic material decreases in the order cited above). Recently, Ngo et al. (24) , working with a completely different system (cobalt ferrite nanoparticles coated by citrate derivatives), also found a decrease of magnetization in coated particles. Interactions between magnetic ions at the core/shell interface and ions in the coating can be proposed as the reason for the increase in coercivity in the present work. Similarly, a Monte Carlo simulation performed by Zianni and Trohidou (25) demonstrated that the anisotropy associated with the existence of an interface between ferromagnetic particles and antiferromagnetic coating also gave rise to increased coercivity. This has been experimentally demonstrated by Turgut et al. (26) for oxide-coated Fe-Co nanocrystals. In our systems, the interfacial hematite/yttria area per composite particle is larger in A, and decreases in B and C; this is precisely the trend of variation of the coercivity in Fig. 5 , thus suggesting that the core/shell interface plays a significant role in the observed magnetic behavior of the composite particles.
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